Strong ambient light and the resultant photoelectric conversion saturation of an avalanche photo diode (APD) may signficantly deteriorate the received signal in visible light communication (VLC) systems. Hence, in this paper we characterize the signal received from an APD under strong ambient light based on our experimental data. To illustrate the phenomenon of APD saturation, we investigate the transmission rate and analyze the link budget. In order to achieve dimming control, we then conceive a unary-coded VLC system for maintaining the user-defined dimming level. We calculate both the upper and lower bounds of the achievable transmission rate of the unary-coded VLC system.
I. INTRODUCTION
The past decade has witnessed rapid developments in the realms of visible light communication (VLC) [1] . The commonly used transmission source of VLC is the ubiquitous light-emitting diode (LED), which is gaining popularity due to its low power consumption and long life time. It is anticipated that the LED-based lighting infrastructure will inevitably replace the conventional lighting infrastructure. This has in turn given rise to a new research horizon focusing on VLC systems, since LEDs efficiently serve the dual purposes of lighting and communication. In this context, wireless networking relying on VLC, which is referred to as Light Fidelity (LiFi), was introduced in 2011 [2] and it has been included in IEEE standards [3] . There have been significant advances on LiFi during the past ten years. Consequently, the link data rates have increased three orders of magnitude from 10 Mbps in the year 2006 to 10 Gbps in 2016 [4] , [5] . It is worth mentioning that even with a single LED, a VLC system can achieve a data rate exceeding 3 Gb/s [4] .
The associate editor coordinating the review of this manuscript and approving it for publication was Wei Wang . Owing to the ubiquitous solar background radiation, VLC signals cannot be transmitted over a long distance during day time. The limited modulation bandwidth of the commercial LED devices is another disadvantage of VLC. Moreover, the line-of-sight (LOS) VLC links may become blocked, which results in weak received signal power. Hence, the signal characterization under a large dynamic range of received power, including the strong and weak power regime, has to be further investigated.
For the sake of satisfying the primary lighting constraints during communications, joint dimming and communication system designs have been conceived for OFDM transmission [6] , [7] and Pulse-Position Modulation (PPM) aided transmission [8] , [9] , respectively. The system performance under various lighting constraints has been investigated in [10] - [13] . A system optimization framework for VLC under lighting constraints has been proposed in [14] . Moreover, a beamforming aided visible light communication system has been studied in [15] - [17] . It is noteworthy that in [16] , the joint beamforming and direct-current (DC) bias design problem has been investigated considering signaldependent shot noise.
Strong ambient light can shift the incident optical power to the saturation regime, which can lead to extremely low SNR in the electric signal detector. The authors of [10] , [18] considered this extreme scenario for VLC communication and proposed to study light-off communication and dark light communications, respectively. Another solution proposed by the authors of [19] advocated using high pass filtering for mitigating the background light which may be viewed as a nearconstant light-level. This measure has indeed succeeded in mitigating the deleterious impairments of strong background light, but unfortunately it has increased the amount of shotnoise which is proportional to the bandwidth. In order to cope with this undesired effect, the concept of adaptive bandwidth was introduced, which was controlled by the amount of background light. As a further a benefit, this system was capable of operating even in outdoor scenarios.
Most existing contributions on VLC assume a linear relationship between the transmitted optical power and the received electric signal. However, this assumption heavily relies on the premise that the photoelectric conversion is operating in the linear domain, which may not hold for the entire range of incident light power. For example, the detector may become saturated in strong ambient light, so that the output signal variations with respect to the transmitted power become negligible, leading to a low signal-to-noise ratio (SNR). Hence, the VLC system design should incorporate these effects, in order to cater for a wider range of ambient light power. For the sake of achieving this objective, in this paper we investigate the channel characteristics and link budget for a wide ambient light power range assuming realistic photoelectric conversion.
Recall that VLC systems serve the dual purposes of illumination and communication. For the sake of flawlessly supporting the illumination function, we also have to provide flicker-mitigation and dimming control. Dimming control is particularly important for indoor applications, where a user may want to maintain a desired lighting ambiance. In [20] , the authors compared several dimming control schemes, namely inverse source coding, multi-pulse position modulation (MPPM) and unary-coded dimming control. The unary code aided dimming scheme was shown to outperform its conterparts for an ON-OFF keying (OOK) modulated VLC system. It was also demonstrated that the unary code is capable of providing flicker-free illumination [20] .
Against this background, in this paper we have designed and investigated a unary coded VLC system operating under strong ambient light. Our novel contributions are: 1) We design and conduct experiments to characterize the signal statistics of the nonlinear photoelectric conversion outputs, especially in the saturation region.
2) We investigate the achievable transmission rate of the system and analyze the link budget in a realistic transmission scenario.
3) We calculate the upper and lower bounds on the achievable transmission rate for the unary-coded VLC system. 4) Finally, we adopt trellis-based Viterbi decoding for detecting the variable length unary coded signals. We demonstrate that the proposed Viterbi decoder outperforms the maximum likelihood ratio (MLR) based decoder in terms of the bit error ratio (BER).
II. SYSTEM MODEL AND SIGNAL CHARACTERIZATION
In this section, we characterize the nonlinear photoelectric conversion of the avalanche photo diode (APD) receiver. Recall that due to the illuminance functionality of VLC, joint dimming and communication optimization has to be performed. Typically, the DC component is used for illuminance, while the alternate current (AC) component is used for communication. Due to the APD saturation effect arising from strong ambient intensity, the peak-to-peak voltage of the APD output signal may decrease for high DC voltages. In this section, we aim for characterizing this phenomenon based on practical experimental measurements. The system is shown in Figure 1 . In the proposed system, we adopt unary dimming control before the LED driving circuit. Again, the AC component supports communications, while the DC component drives the LED. Both the AC and DC components drive the LED through the Bias-Tee. A high DC component results in strong ambient light. The dimming level γ can be designed by the unary-coding. At the receiver side, an APD is used for detecting the signals under strong ambient light.
We carried out an experiment to obtain the key system parameters affecting the saturation. The transmitter and receiver were put into a sealed box without ambient radiation from outside. At the transmitter side, we varied the DC component V DC and AC component Vpp in to create different DC and AC components of the light power at the receiver surface. At the receiver side, we measured the APD output signal after the photoelectric conversion and recorded both the peak-to-peak voltage as well as the noise variance of the output signal.
We used the Rigol DG5252 arbitrary waveform generator (AWG) to generate random data and to drive the LED arrays with on-off keying (OOK) modulation, where the power was supplied via a bias-tee. At the receiver side, a Hamamatsu C12702 model APD with DC filtering was employed to detect the optical signals. An OPHIR Photonics Nova II P/N 7Z01550 optical power meter was employed to measure the received optical power and to calculate the power on the detector's surface, based on the ratio of the area of the power meter over the area of the detector. Furthermore, an Agilent MSOX6004A oscilloscope was used to capture and save the APD's output data for further offline processing in the computer. The experimental system is shown in Figure 2 . We set the low voltage of the OOK signal to 0V and varied the high voltage V AC from 0V to 1V with a step size of 0.02V. To drive the LED and to generate different ambient light intensities, the DC voltage V DC on the bias-tee varied from 23V to 26V with a step size of 0.02V. Note that a high DC voltage can create strong ambient light.
Since the LED transmits OOK signals, we can obtain the mean voltages and variances of the OOK symbols one and zero from the output data of the Agilent MSOX6004A oscilloscope. The mean and variance of the symbol one are shown in Figures 3 and 4 , respectively, against the DC component and AC component of the driving signal, where the APD has removed the DC component. Observe from Figure 3 that the average output signal amplitude changes with both the DC and AC components of the input signal. Similar trends can be observed from Figure 4 for the signal variance with respect to the DC and AC components, based on a sufficiently high number of transmitted frames.
We also plot the optical power variation with the DC input voltage in Figure 5 . Observe that given the AC component, the mean and variance of symbol one first increase and then decrease with the DC voltage. This is due to the associated photoelectric conversion characteristics, where the peak-to-peak output voltage first increases upon increasing the incident light power, and then decreases due to the saturation effect. Explicitly, higher DC components result in stronger ambient light. Consequently, the APD is driven into its saturation mode. Thereafter, any further increase of the DC voltage leads to the reduction of the peak-to-peak output voltage. The peak value of the mean and variance is observed at a DC voltage of 23.5V. Please note that the mean of the symbol zero is analogous to that of symbol one, but has a negative polarity. Similarly, the variance of the OOK symbol zero has a similar shape as that of symbol one, i.e. it first increases with the DC voltage and then decreases with it. However, the variance of symbol zero is lower than that of symbol one, due to the shot noise, which increases with the incident power. The variance corresponding to the DC component voltages is plotted in Figure 6 , which reaches its peak value at the DC voltage of 23.5V and then decreases as the DC voltage grows. 3,4,5 and 6 are plotted directly based on the experimental data. From the above signal characterization, we conclude that the output signals for the OOK symbols one and zero satisfy two different Gaussian distributions, with opposite mean values and different variances. More specifically, the output signals Y 1 and Y 0 for the symbols one and zero, respectively, may be modeled using the following Gaussian distributions, 
where µ denotes the mean value, while σ 2 0 and σ 2 1 denote the variances of the OOK symbols zero and one, respectively. Furthermore, the mean voltage of Figure 3 characterizes the received signal intensities. It can be observed that both the signal intensities and noise variances grow, as the AC component amplitude increases. The signal and noise components will reach the maximum level and then decrease with the DC component. Thus we also plot the signal to noise ratio (SNR) at the APD side in Figure 7 . It is seen that for a lower DC power component, the SNR is higher for a fixed AC power component.
III. TRANSMISSION RATE AND LINK BUDGET UNDER AMBIENT LIGHT
In Section II, we observe that strong ambient light saturates the APD. Hence, it is important to quantify the transmission and link budget under strong ambient light. We aim for estimating the achievable transmission rate based on the signal component and noise component analysis.
A. ACHIEVABLE TRANSMISSION RATE
In this section, we derive the achievable transmission rate under strong ambient light, based on the experimental statistics of the photoelectric conversion outputs discussed in Section II. Let X denote the modulated signal and Y denote the photoelectric conversion output signal. Then, the achievable transmission rate is given by
where the entropy and conditional entropy is given as follows,
Recall from Eq.(1) and Eq.(2) that Y satisfies a mixed Gaussian distribution having two normal distributions of different standard deviations. Let us assume that the input bits are equiprobable, i.e., P(X = 0) = P(X = 1) = 1/2. Thus the conditional entropy H (Y |X ) can be readily calculated based on the normal distribution properties H (Y |X ) = 1 4 log(2πeσ 2 0 ) + 1 4 log(2πeσ 2 1 ). Consequently, the mutual information I (X ; Y ), which characterizes the achievable transmission rate, can be expressed as follows:
Furthermore, P(Y ) = P(X = 0)P(Y |X = 0) + P(X = 1)P(Y |X = 1) in Eq(3) obeys a mixed Gaussian distribution. We resort to Monte-Carlo simulation to obtain a numerical solution for the entropy H (Y ) based on the statistics obtained from the experimental results.
In Figure 8 , we plot the achievable transmission rate under different combinations of DC and AC inputs. It may be observed in Figure 8 that for a given DC voltage, the achievable transmission rate approaches one upon increasing the AC power. Furthermore, the transmission rate decreases upon increasing the DC voltage. However, we may further observe in Figure 9 that when the AC power is very low, the transmission rate increases upon increasing the DC power until reaching a maximum value. Thereafter, the transmission rate decreases upon increasing the DC power. 
B. LINK BUDGET
In a real communication system, the incident light power corresponding to the OOK symbols one and zero can be calculated using the LED light power, as well as the transmitterreceiver link gain according to the transceiver geometry. Hence, in this section we provide our link budget analysis. The transmission rate expression of Section III-A (Equation (7)) is considered for analyzing the impact of the saturation on the achievable transmission rate at various transmission distances.
Let us assume that the LED is a Lambertian source. Given the negligible reflection from the walls, only the line of sight (LOS) link dominates. For a receiver located at a distance d and angle φ with respect to the LED, the link gain is given by
where ψ is the angle of incidence at the receiver, c is the FOV of the receiver and m 1 is the order of Lambertian emission related to the LED semi-angle at half-power 1/2 , formulated as follows:
Let us assume that the transmitter's LED power varies between P tH and P tL . Consequently, the power at the receiver surface will vary between P rH and P rL , where P rH and P rL are related to P tH and P tL as follows: The total light power at the receiver will also include the ambient light power. Hence, the light power at the receiver surface will vary between P rH + P a and P rL + P a , where P a denotes the ambient light power. According to the experimental data shown in Figure 3 and Figure 4 , we can now carry out the link budget analysis. Figure 11 presents the achievable transmission rate upon varying the AC power and the transmission distances, when the DC power is fixed to 5W . It may be observed in Figure 11 that the achievable transmission rate decreases upon reducing the transmission distance. This is due to the saturation effect of the receiver-side photoelectric conversion. Figure 12 shows the achievable transmission rate against the AC power for DC power components of 1W, 3W, and 5W, at the transmission distance of one meter. It is seen that for a fixed AC power, the achievable transmission rate decreases upon increasing the DC component. This is because a stronger optical power moves the operating point of the photoelectric conversion to the saturation region. Furthermore, the transmission rate increases upon increasing the AC power until it approaches one, which is the maximum achievable rate of OOK modulation.
It can be readily seen from the above results that the saturation of the APD degrades the output signals, which also decreases the transmission rate. Thus it is important to consider the saturation as part of the VLC system optimization.
IV. TRANSMISSION RATE WITH UNARY-CODED DIMMING CONTROL
In practical scenarios, a user may want to adjust the dimming level according to the requirements, such as mood/ambience. Here, we invoke unary-coded dimming control for adjusting the illuminance of the LED transmitter. Again, we have chosen unary-coded dimming control because it was demonstrated in [20] that unary codes provide attractive throughput gains over their counterparts, while also ensuring a flickerfree dimming level. Unary codes belong to the family of variable length source codes. They map each symbol i onto an i-bit codeword, which has (i-1) 1's followed by a zero (or equivalently (i − 1)0's followed by a one). For example, the 4-level unary coding scheme maps symbols {1, 2, 3, 4} onto {0, 10, 110, 1110}. This results in a throughput of 0.8 bit per symbol and a dimming level of 0.6, given that the codewords have a uniform distribution. The detailed unary-coded mapping is provided in Table 1 of [20] .
A. UPPER BOUND
In this section, we derive the upper bound of the achievable rate of a unary coded transmission, based on a distribution Q(Y ) to compute the Kullback-Leibler (KL) distance of P(Y |S) and Q(Y ). Explicitly, for two distributions p(x) and q(x), the KL distance is given by
for continuous distributions; and by
for discrete distributions. It can be shown that D[p(x)||q(x)] ≥ 0, and the equality is achieved if and only if p(x) = q(x) for all x.
We propose to derive Q as the bit-wise output distribution of Y , since in a 4-level unary-coded stream the occurance probability of bit 0 is 40% and of bit 1 is 60%, independently of each other. Note that I (X ; Y ) is the bit level mutual information and I (S; Y ) is the symbol level mutual information. Let us assume that L is the average code length. Then for unary 4 coding we have L = 2.5. Then, we arrive at
where Equation (15) can be derived as follows, with S representing the input symbols, and Q the bit-wise distribution, which can be appropriately designed. Then we arrive at:
Thus, we can design the distribution Q = Q(Y ) relying on the dimming level γ , and obtain the following upper bound on the mutual information,
When the dimming level is denoted by γ , we can design Q(Y ) as follows:
since the received signal is a mixture of two Gaussian distributions, as discussed in Section II. For the unary 4 code, we have Q(Y ) = 2 5 N (−µ, σ 2 0 ) + 3 5 N (µ, σ 2 1 ) corresponding to bits one and zero respectively; and 2µ is the mean gap of bit 1 and bit 0.
The upper bound is shown in Figure 13 for the transmit voltages of 23.5V, 24.5V, and 25.5V.
B. LOWER BOUND
The achievable transmission rate of Equation (15) may also be formulated as follows:
In this work, we assume a uniform probability of the symbols S over the set {1, 2, 3, 4}. Hence, the entropy of the transmitted symbols H (S) is given by H (S) = 2. Furthermore, according to Fano's inequality, we have the following upper bound on the conditional information [21] ,
where p e is the error probability of the received codewords {0, 10, 110, 1110}. Recall that bit 1 and bit 0 have the opposite mean values of µ and −µ, as well as different variances of σ 2 1 and σ 2 0 , respectively. Thus, assuming that x denotes the detected bit, let p 0 P(x = 1|x = 0) and p 1 P(x = 0|x = 1) denote the conditional detection error probability of bits zero and one, respectively. Let e denote VOLUME 7, 2019 the erroneously detected bits. Next, we calculate the error probability of all 4-level unary codewords as follows:
Then, an upper bound on the detection error probability of Equation (21) can be calculated as follows,
The lower bound on the mutual information obtained using the Fano inequality of Equation (21) is shown in Figure 13 . For a sufficiently high AC voltage, the lower bound approaches 0.8, which is the upper bound from Equation (18) .
V. TRELLIS-BASED VITERBI DECODING
Since unary coding is a variable length coding scheme, the variable length of the codewords must be taken into account during the decoding process. In this section, we propose a Viterbi decoder for unary codes, which is benchmarked against the bit-by-bit ML detection.
Viterbi decoding is based on the assumption that any part of the optimum decoded symbols is still optimum, which is satisfied for the unary code under consideration. For the unary code associated with M symbols in our proposed decoder, the M symbols constitute the M states of the trellis. We then compute the optimal path for each received sequence in a recursive manner, as detailed below.
In the following algorithm, δ t (i) is the maximum likelihood ratio of the state i in the symbol t. Let us define state t (i) as the previous state before state i at time instant t and index t (i) as the index of state i at time instant t.
Viterbi decoding based on a trellis assumes that the receiver side knows the lengths of the symbols and the number of bits received, which guarantees the best possible SER performance. At the receiver side we have K symbols and N bits. In this unary-M scenario, we have M symbols and M states. We compute the optimized paths at symbol index T for each state and each time. The length of the optimal path should match the number of bits and symbols.
In a nutshell, the decoding algorithm is formulated as follows:
1) Initialization. The probability of π i P(b i |s i ) can be derived from the preamble, which is formulated as:
2) For t ≥ 1, successively perform the following updates, and record the optimal previous state for each current state. Obtain P(b i |s i ) from the preamble. Check if the length exceeds N . If so, the path can be terminated. More specifically, for 1 ≤ i ≤ M , perform the following,
3) Find the optimal termination state and the corresponding probability given the observed sequence, and check if the bits length exceeds N . If not, try the second optimal path. 4) Find the optimal states or symbol sequence via the following back-tracking,
The BER of the Viterbi decoder is shown in Figure 15 , which is significantly lower than that of the bit-by-bit ML detector shown in Figure 16 . However, the SER performance of perbit ML detection can be as high as 75% under unary-4 coding owing to the avalanche-like error propagation.
There is a trade-off between the trellis lengths N and SER. Explicitly, if the trellis is too long, the SER may become higher than that of a short trellis.
In Figure17 and 18, the SER based on a trellis length of 100 and 10 are given, respectively. It can be seen that for a trellis length of 10, the SER is lower than for 100.
VI. CONCLUSION
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